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Abstract

Positron emission profiling (PEP) is applied to study the adsorption and dissociation of ammonia on metallic and preoxidized
sponge in the temperature range 323–573 K. The results show that ammonia weakly interacts with platinum without dissociation. O
trary, preoxidized platinum is able to dissociate ammonia. With increasing temperature more ammonia is converted into N2, N2O, and H2O.
Adsorbed NO appears to be an important intermediate, while its formation strongly depends on the oxygen surface coverage. Te
programmed experiments are performed to characterize the adsorbed nitrogen species. Furthermore, H2, NH3, and NO are used to react wi
these adsorbed nitrogen species. These experiments indicate that mainly NHx species are present at the platinum surface.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Low-temperature selective oxidation of ammonia w
oxygen, to nitrogen and water, forms a potential solu
to several ammonia spills. Theoretical calculations and u
high vacuum (UHV) experiments provided many insights
the interactions of ammonia with oxygen on platinum [1–
However, the adsorption of ammonia and its subsequen
idation have not been extensively studied at atmosph
pressure. Our transient ammonia pulse experiments
ied in situ with positron emission profiling (PEP) may of
valuable information on the ammonia adsorption and
sociation activated by oxygen on pure platinum cataly
These are the first elementary steps in the low-tempera
ammonia oxidation.

On clean Pt single crystals three molecular amm
nia desorption states are observed, at low coverage
strongly chemisorbed ammonia desorbs around 400
weakly chemisorbed at 150 K, and ammonia physisorbe
the multilayer at 100 K [1,3,6–8]. Fahmi and van Santen
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-

reported for chemisorbed ammonia an adsorption en
of −108 kJ/mol based on theoretical calculations. Amm
nia dissociates into nitrogen and hydrogen at tempera
above 530 K (135 kJ/mol) [3,6,9]. The ammonia dissoc
ation can be enhanced by preadsorption of oxygen [1
which is explained by the fact that atomic oxygen activa
the NHx bond cleavage [4]. The various formed fragme
are adsorbed on platinum in different configurations: N3,
OH species (1-fold); NH and NH2 adsorbates (2-fold); H
O, and N atoms (3-fold) [4]. NO preferentially adsorbs
the fcc hollow site at low coverages, at higher covera
NO additionally adsorbs on the atop site in a tilted geo
try [10,11]. Oxygen molecules occupy hollow sites [12–
whereas ammonia molecules occupy on-top sites [4,16].
preadsorption of oxygen does not block the adsorptio
ammonia [3]. The product formation of the reaction b
tween ammonia and oxygen is dependent on the rea
conditions, i.e., pressure, reactant ratio, temperature, an
exposed Pt surface. The group of King proposed that
is the key intermediate [3,4,17] and that the reaction p
way is dependent on the oxygen surface coverage. How
the experiments done at atmospheric pressure by Van
Broek [18] indicated that the reaction between the NH

http://www.elsevier.com/locate/jcat
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the OH species is the rate-determining step. These sp
have also been detected at the platinum surfaces under
conditions [1].

A suitable technique to study in situ transient and stea
state phenomena at atmospheric pressure is positron
sion profiling [19,20]. The PEP measurements offer a uni
possibility of studing the various processes at the cata
surface in a wide temperature range. PEP is a techn
in which minute (∼ 10−15 mol) quantities of radiolabele
molecules emitting positrons are injected as pulses into
feed of packed-bed reactors. The concentration distribu
of radiolabeled molecules can be measured as a functio
time and position within a tubular reactor bed. In this stu
we used13N-labeled ammonia pulses.

In this work, evidence for the activation of the amm
nia adsorption and dissociation promoted by oxygen
platinum is provided by PEP pulse experiments. The c
version and product formation due to [13N]NH3 pulses on
preoxidized platinum have been studied as a function
temperature. Here, we will demonstrate that the produc
lectivity is temperature dependent and that a part of
injected [13N]NH3 remains at the preoxidized platinum su
face. In addition, the nature of the nitrogen species, wh
remain after the ammonia pulse on preoxidized platin
in the temperature range up to 423 K, is further inve
gated with temperature-programmed desorption (TPD)
temperature-programmed oxidation (TPO), and the rem
of the adsorbed species by H2, NH3, and NO reaction exper
iments. Furthermore, we discuss the possible role of NO
a reaction intermediate.

2. Experimental

2.1. Catalytic reactor

The platinum sponge was acquired from Johnson Ma
The sponge sample was of> 99.9% purity. The particle size
of the sponge was between 250 and 350 µm and the si
the small non porous particles about 1.0–5.0 µm [18].
amount of platinum sites calculated via BET measurem
is 3.0 × 1018 sites/g and via the hydrogen chemisorption
1.3×1018 sites/g. The metal surface area is determined to
0.099 m2/g. Atmospheric ammonia oxidation activity tes
were performed in a fixed-bed reactor setup equipped
a quadrupole mass spectrometer (Balzers Instruments
nistar GSD 3000), which was calibrated for on-line analy
of reactants and products. A quartz tube with an interna
ameter of 4 mm was used as reactor. A sample of 1.8
pure platinum sponge was used in a catalytic bed wit
length of 4.0 cm. The experiments were done at temp
tures between 323 and 673 K.

Prior to a catalytic experiment the platinum sponge w
reduced in situ by heating the sample in a 10 vol% H2/He
flow (40 cm3/min) from 298 to 673 K. Subsequently th
sample was kept at this temperature for 2 h. The cata
s

-

f

f

-

was then flushed with He (48 cm3/min) for 20 min before
the reaction temperature was set.

A preoxidized platinum sponge is obtained by the f
lowing treatment: the reduced catalyst was pretreated
1 vol% O2/He flow (48 cm3/min) for 1 h at 373 K followed
by flushing with He (48 cm3/min) for 1 h before the reactio
temperature was set. Additional [15O]O2 PEP experiment
indicated (not shown) that on preoxidized platinum spo
oxygen is strongly bound and that oxygen adsorbs disso
tively at this temperature, which is in line with earlier repo
[21–25].

2.2. Positron emission profiling

The 13N nucleus emits a positron upon decay. Posit
emission profiling is based on the detection of the t
511 keV gamma photons which originate from the ann
lation of this positron with an electron. These two 511 k
gamma photons are simultaneously emitted in opposite
rections and they travel typically a few centimeters in so
matters. Coincidental detection of two photons by scinti
tion detectors (BGO) provides the position of the annih
tion. In practice, the tubular reactor is horizontally plac
between two arrays (upper and lower) of nine scintillat
detectors. In both arrays the detectors were tightly pla
which results in the spatial resolution of 2.9 mm. The
erage concentration of all radiolabeled molecules withi
certain volume (length 2.9 mm) is measured at time in
vals of 0.5 s. The measurement of radiolabeled molec
is simultaneous over the total detection length (5 cm), t
within the 17 vol segments. In this way the concentrat
distribution of the positron emitting molecules can be m
sured as a function of position and time [19,29].

The Eindhoven 30 MeV cyclotron was used to irra
ate a water target with highly energetic protons of 16 M
The irradiation time was 10 min and a typical beam c
rent of 500 nA was used. The target was a flowthro
water target, with a total volume of 7 ml containing a du
foil (Duratherm 600, thickness 15 µm). In this way form
[13N]nitrate and [13N]nitrite were subsequently reduced
13NH3, using DeVarda’s alloy method [26,27]. The produ
tion method of gaseous pulses of [13N]NH3 was described
elsewhere [28]. A pulse time of 10 s was used to injec
mix of 13NH3/

14NH3 into the reactant stream, hencefo
indicated as [13N]NH3. In this way 14NH3 (∼ 10−5 mol)
was measured with the mass spectrometer and13NH3

(∼ 10−15 mol) was monitored with PEP. Since the13NH3

concentration varies in each pulse, the absolute conce
tion of radiolabeled molecules in the various experime
cannot be directly compared. However, the labeled spe
are either introduced in a large flow of nonlabeled ammo
or as trace amounts in ammonia-free flows. As such, th
variations will not affect the results between the various
periments.
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2.3. PEP pulse experiments

The reduced platinum catalyst was kept under a fl
(48 cm3/min) of 1.0 vol% ammonia/helium or 1.0 vol%
oxygen/helium or He flow at 273–573 K. Subsequently
pulse of [13N]NH3 was injected in this ammonia/helium or
oxygen/helium flow or helium flow. A gas hourly space v
locity (GHSV) of 5700 h−1 is mostly used. The [13N]NH3
pulse experiments were performed over the platinum
preoxidized platinum sponge in a similar manner. In e
PEP experiment mass spectrometry was used to simul
ously monitor the effluent products.

2.4. Temperature-programmed experiments

Temperature-programmed experiments were perfor
exactly 170 s (TPD) or 100 s (TPO) after the injection
a pulse of [13N]NH3 in He flow of 40 cm3/min (GHSV =
5700 h−1) at 373 K over the preoxidized platinum cataly
The temperature was raised with 10 K/min (40 cm3/min)
under He (TPD) or 1.0 vol% O2/He (TPO) flow.

2.5. Removal of adsorbed species by H2, NH3, and NO

The reaction experiments were performed more t
300 s after the injection of a pulse of [13N]NH3 in He flow
of 48 cm3/min (GHSV = 5700 h−1) over the preoxidized
platinum catalyst at 323–348 K. In these experiments
He carrier flow was replaced by either 1.0 vol% NH3/He
or 4.0 vol% H2/He or 0.5 vol% NO/He flow (48 cm3/min).

3. Results and discussion

3.1. Ammonia adsorption and dissociation on platinum
preoxidized platinum

3.1.1. Activation of ammonia adsorption by oxygen
Fig. 1A shows that an injected radiolabeled ammo

pulse into a NH3/He flow (323 K) travels through the pla
inum catalyst bed. The retention time of [13N]NH3 through
the catalyst bed was approximately 9 s. This is longer t
the retention time of He (less than a second). At higher t
peratures this ammonia retention time decreases, givi
value of 5 s at 423 K. Judging from the absence of bro
ening of the pulse, we expect that diffusion limitations
ammonia in the sponge material are negligible [30]. Fig.
shows that the ammonia adsorption equilibrium is fast
indicates a weak molecular adsorption of ammonia.

The injection of [13N]NH3 into an ammonia-free He flow
over the reduced platinum sponge (Fig. 1B) clearly sh
that injected ammonia also travels through the catalyst
in this case. Gas-phase analysis showed that only NH3 is de-
tected at the reactor outlet, which indicates that amm
does not dissociate under these conditions which is in
with earlier reports [1,2,31]. Therefore, we conclude that
-

Fig. 1. PEP image of a pulse injection of [13N]NH3 at 323 K (A) in a 1 vol%
NH3/He flow (48 cm3/min) on Pt sponge; (B) in He flow (48 cm3/min)
on Pt sponge; (C) in He flow (48 cm3/min) on the preoxidized Pt spong
The color intensity represents the concentration of13NH3 (dark = high
concentration).

PEP image shows the weak binding of ammonia on p
inum. A relatively small amount of the labeled ammo
species (15%) remained adsorbed at the platinum sur
This adsorption is most probably caused by the incomp
reduction of the platinum surface.

The in situ PEP technique allows visualization of
promoting effect of oxygen in ammonia adsorption and
sociation. In contrast to Fig. 1B, the adsorption of ammo
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K;
Fig. 2. PEP images of an pulse injection of [13N]NH3 in 1.0 vol% O2/He flow (48 cm3/min) on preoxidized Pt sponge at (A) 323, (B) 423, and (C) 573
(D) integrated13N concentration as function of time for presented temperatures. The color intensity represents the concentration of13NH3.
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on the preoxidized surface (Fig. 1C) is strong. The13N
species are adsorbed already at the beginning of the ca
bed and do not desorb from the surface during the ex
iment. This indicates that the presence of oxygen lead
enhanced dissociation of ammonia on Pt. This agrees
recent calculations performed by Fahmi and van Santen
who calculated that adsorbed atomic oxygen activates
N–H bond cleavage. Accordingly, we propose the follow
mechanism for the NH3 conversion:

(1)NH3(a)+ O(a) → NH2(a)+ OH(a),

(2)NH2(a)+ O(a) → NH(a) + OH(a),

(3)NH + O(a) → N(a) + OH(a).

As we did not detect dinitrogen at the relatively low tempe
ture of 323 K, we expect that atomic nitrogen is not form
However, due to the high surface coverage of the var
species (OH, NH2, NH, NO, N) diffusion may be impaired
thereby hindering reconstruction to N2.

In paragraphs 2 and 3 the nature of these adsorbed sp
is investigated. The role of NO in the product formation
mainly addressed in paragraph 3. First, we present the i
ence of the temperature on the ammonia dissociation on
preoxidized platinum sponge.
t

s

3.1.2. Influence of temperature on the ammonia
dissociation on preoxidized Pt

The PEP images of the radiolabeled ammonia pulse
preoxidized platinum change significantly with increas
temperature. Fig. 2 shows the PEP images of [13N]NH3

pulses over preoxidized platinum in an oxygen flow in
temperature range of 323–573 K including the integra
13N concentration in the reactor at different temperatu
as a function of time. At 323 K almost no gaseous pr
ucts are formed and the total concentration of13N remains
at the catalyst (Figs. 2A and 2D). Below 423 K the PEP
ages are very similar and the13N concentration is observe
at the beginning of the catalyst bed and the total radio
tivity profile (Fig. 2D) shows a sharp decrease as gase
products are formed. The decrease of the13N concentration
at 423 K is due to the formation of nitrogen and some
trous oxide. Fig. 3A provides evidence for the formation
N2 and N2O by MS analysis. These products evolve simu
neously as a response to the14NH3/

13NH3 pulse. The wate
formation is detected with an obvious delay compared to2

and N2O evolution. This stems from the stronger intera
tion of these water molecules with the catalytic surface.
can be observed when comparing Figs. 3A and 3B this
sorption of water is less pronounced at higher temperatu
At a temperature of 573 K the PEP image is substanti
changed (Fig. 2C). A reaction zone is still observed at
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Fig. 3. Formation of N2, N2O, NO, and H2O measured by online mas
spectrometry on a response of [13N]NH3 injection in 1 vol% O2/He flow
(48 cm3/min) on the preoxidized Pt sponge at (A) 423 and (B) at 573 K

beginning of the catalyst bed, but in contrast to the ob
vation at 423 K not all the products leave the catalyst
directly. The formation of NO explains the changes in
PEP image, because NO readsorbs at the platinum su
throughout the catalyst bed. This is not the case for N2 and
N2O, which have a very low adsorption constant. Con
tently, Fig. 2D shows a relatively slow decrease of the13N
concentration from the catalyst due to the NO readsorp
At this relatively high temperature almost all injected amm
nia reacts and forms gaseous products as shown in Fig.

In conclusion, the results indicate that the relatively h
oxygen coverage on platinum promotes NO(a) formation. At
low temperatures NO(a) leads to N2O via

(4)NO(a) + N(a) → N2O(g) + 2∗.

However, at temperatures higher than 573 K the NO
face coverage is low, due to desorption of NO, resulting
lower N2O formation. The formation of nitrogen is assum
to proceed via atomic nitrogen originating from NHx species
rather than via the dissociation of NO(a). The dissociation o
NO(a) at low temperature (< 400 K) and also in the situatio
of a high adsorbate coverage is unfavorable [2,32–34].
e

Fig. 4. A [13N]NH3 pulse was adsorbed on the preoxidized platinum spo
kept under He flow (40 cm3/min) at 373 K followed after 170 s by a tem
perature-programmed desorption experiment: (A) TPD spectrum; (B)
image, the color intensity represents the concentration of13NH3; (C) nor-
malized concentration as function of time (T = 373–573 K, 10 K/min, He
flow of 40 cm3/min).

3.2. Temperature-programmed measurements

3.2.1. Temperature-programmed desorption
In this experiment the temperature is raised from 37

573 K after injection of a [13N]NH3 pulse on the catalyst a
373 K (Fig. 4). The observed background of the MS s
nals of the products are relatively high since the cata
could not be sufficiently flushed with He before starting
TPD experiment due to a relatively fast13N decay. The de
sorption of the inert N2 and N2O molecules is qualitativel
observed in the PEP images (Fig. 4C). The signal of the
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tegrated13N concentration decreases at the same time a2
and N2O desorb. The desorption of N2 and N2O continues
up to 480 K, because at that temperature the total radioa
ity profile (Fig. 4C, from 800 s) shows no further decrease
the13N concentration. N2 and N2O have low adsorption con
stants [35,36], meaning that were not present at first bu
formed during the TPD experiment. The formation of N2O
is assigned to reaction (4). Since radiolabeled ammonia
injected on the preoxidized surface the oxygen coverag
relatively high and therefore the dissociation of NO on p
inum is unfavorable. This leads to the assumption that(a)
species originate from adsorbed NHx species. Another im
portant feature that supports the presence of the NHx species
on the surface is substantial formation of water, which
found to be accompanied by the N2 and N2O formation.
NO(a) needed for the N2O formation originates from NHx
species:

(5)NH(a) + 2OH(a) → NO(a) + H2O(a) + H(a).

At lower temperatures NO(a) does not dissociate and
preferentially converted into N2O.

Above 480 K about 20% of13N is still adsorbed at the
platinum surface (Fig. 4C, at 800 s). In fact the13N inte-
grated concentration profile should change to a horizo
line, but the radioactivity profile slightly increases. This
caused by spreading of the radioactive compound thro
the catalyst bed, while the total amount of labeled specie
the reactor remains constant. When all these species are
centrated in the first part of the reactor and thus at the e
of the surrounding detector, the detection efficiency of
total amount of radioactive material is somewhat less t
when it would be concentrated in the middle. This mainly
fects the integrated profiles and not the PEP plots that s
the radioactive concentration for each position as func
of time. This profile of total radioactivity increase must
taken into account only in the TPD or TPO experiments
especially when the still high concentration of the adsor
13N spreads from one position to subsequent positions. S
the qualitative value of 20% is correct, because this va
is in accordance with the value found in the radioactiv
profile of the first position in the catalyst bed, which is not
fected by the above-described artifact. After the tempera
has reached 520 K the total radioactivity profile (Fig. 4
decreases for the second time. The PEP image (Fig.
shows that the13N concentration is slowly moving throug
the catalyst bed, indicating that readsorption is taking pl
The velocity of the13N moving through the catalyst be
is not linear because the desorption is enhanced by th
creasing temperature. Thus the13N transport through the
reactor is accelerated in time. At the moment that the
tivity reaches the end of the catalyst bed (T = 520 K) only
NO is detected with MS. For that reason the desorptio
13N is assigned to13NO. In ultrahigh vacuum experimen
on single crystals the energy for NO desorption is fou
to be around 150 kJ/mol [2,37,38] and NO desorbs at tem
peratures around 400 K. In our experiment, the PEP im
-

Fig. 5. A [13N]NH3 pulse was adsorbed on the preoxidized platinum spo
kept under He flow (40 cm3/min) at 373 K followed after 100 s by a tem
perature-programmed oxidation experiment: (A) TPO spectrum; (B)
image, the color intensity represents the concentration of13NH3; (C) nor-
malized concentration as function of time (T = 373–573 K, 10 K/min,
1 vol% O2/He flow of 40 cm3/min).

shows that NO starts to desorb (moves to subsequent
tions) around 440 K.

3.2.2. Temperature-programmed oxidation
In this experiment a [13N]NH3 pulse was adsorbed on th

preoxidized platinum sponge kept under He flow at 373
and then the temperature is raised from 373 to 573 K
1 vol% O2/He flow of 40 cm3/min (Fig. 5). The results
from TPO experiments are in qualitative agreement w
those of TPD experiments. In the first minutes of the T
experiment (up to 423 K)13N species desorb, which ca
be observed in Fig. 5C as the integrated13N concentration
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slowly decreases. This13N desorption is assigned main
to nitrogen formation (Fig. 5A). The background signal
the measurement for nitrogen and water is high and th
fore quantitative interpretation is not possible. Hardly a
N2O is formed, which is in contrast with the TPD exp
iment. Fig. 5C shows that the nitrogen desorption end
400 s from the start of the experiment, which correspo
in Fig. 5A to a temperature of 420 K. At that temperatu
30% of the injected13N is still present at the surface. A
noted before, the increase in radioactivity is due to a dete
artifact. Fig. 5A shows that in the presence of gas-phase
gen, NO is the major species desorbing at 540 K. The ac
desorption temperature of NO is 440 K, since at this te
perature the13N concentration starts to move in the catal
bed. In comparison with the TPD experiment NO deso
at a similar temperature, which is not surprising becaus
both experiments platinum was precovered with oxygen
correspondence with Fig. 4B, Fig. 5B shows that equi
rium of 13NO species is controlled by the readsorption
the platinum surface. As already noted the NO transpo
accelerated with increasing temperature. In this TPO ex
iment all adsorbed13N species are removed.

The increase of the temperature up to 400 K activ
the bond cleavage of NHx by atomic oxygen according t
reactions (2) and (3). Again, the formation of nitrogen is
sumed to proceed via recombination of atomic nitrogen
high oxygen surface coverage NO can be formed via

(6)N(a) + O(a) → NO(a) + ∗,
(7)NH(a) + 2O(a) → NO(a) + OH(a) + ∗.

Although desorption of NO is favorable above 400 K, N
formation occurs already at lower temperatures [2]. T
can also be observed indirectly in our experiment. Ni
gen is largely desorbed at 420 K; however, still some13N
species are retained at the surface. Obviously, above 4
the NHx +O(a) reaction does not proceed, and nitrogen is
produced, which suggests the absence of NHx species on the
surface. On the other hand, the formation of NO expla
the retained13N species. NO is unreactive with respect
oxygen and it will remain adsorbed on platinum till the d
sorption enthalpy is overcome.

3.3. Reaction of adsorbed N species with H2, NH3, and NO

3.3.1. Reaction with hydrogen
A [13N]NH3 pulse was adsorbed on a preoxidized p

inum sponge kept under He flow at 348 K followed by
removal of the adsorbed species with hydrogen (Fig.
Fig. 6A shows that the replacement of He by H2 results
in N2O, N2, and H2O formation. It is clear from Figs. 6B
and 6C that almost all adsorbed nitrogen species are
moved from the platinum surface in the presence of2.
This means that the activation energies for the surface
actions to form N2O and N2 are relatively low, since alread
at 348 K all nitrogen species are removed. It is assumed
l

-

t

Fig. 6. A [13N]NH3 pulse was adsorbed on a preoxidized platinum spo
kept under He flow (48 cm3/min) followed after 380 s by a removal o
N species with hydrogen: (A) MS spectrum, shown from the moment o2
addition; (B) PEP image, the color intensity represents the concentr
of 13NH3; (C) normalized concentration as function of time (T = 348 K,
10 vol% H2/He flow of 48 cm3/min).

hydrogen first reacts with oxygen forming hydroxyl grou
OH groups do not only form water but they also react w
the adsorbed NHx species to produce N2:

(8)NH2(a)+ OH(a) → NH(a) + H2O(a),

(9)NH(a) + OH(a) → N(a) + H2O(a),

(10)2N(a) → N2 + 2∗.

However, higher OH concentrations favor the formation
NO:

(11)NH(a) + 2OH(a) → NO(a) + H2O(a) + H(a).
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NO cannot desorb at this low temperature. Instead it re
with N(a) to form N2O. NO could also be an intermedia
leading to N2 formation:

(12)NHx(a) + NO(a) → N2(a)+ OHx(a).

However, this reaction can only occur at relatively low ox
gen surface coverage because the nitrogen/oxygen bond of
NO needs to be broken. For that reason this route of the
trogen formation can be activated after the initial desorp
of N2O and H2O from the surface. Eventually, platinum
reduced and the oxygen surface coverage is lowered.

3.3.2. Reaction with ammonia
In this experiment, a [13N]NH3 pulse was adsorbed on th

preoxidized platinum sponge kept under He flow at 348
followed by a removal of the adsorbed species with am
nia (Fig. 7). Upon addition of ammonia to the He flow N2,
N2O, and H2O are observed at the reactor outlet (Fig. 7
Figs. 7B, and 7C show that all13N species are instanta
neously removed from the surface. Similar to the hydro
experiment, OH groups are produced followed by the
sorption of water. These hydroxyl groups also react w
13NHx species to form adsorbed NO and eventually d
trogen. The amount of N2O formed is much lower tha
the amount of N2, although it agrees well with the amou
formed in the hydrogen experiment. In contrast to nitrog
and water, N2O is only formed in the first seconds after t
replacement of He by the ammonia flow. This suggests
in the beginning of the ammonia addition NO(a) is formed,
which is similar to the observations with the H2 flush exper-
iment. Obviously, nitrogen and water are not only produ
from the adsorbed13N species, but mainly originate from
gas-phase ammonia. The addition of ammonia results
high concentration of the nitrogen-containing species on
platinum surface. The high concentration of ammonia fav
selective N2 formation, which is also observed in UHV e
periments [2,6]. The production of N2 and H2O decrease
in time because less oxygen is available for the react
This results in an oxygen-free surface, which is confirmed
measuring an additional PEP image after a [13N]NH3 pulse
in this ammonia flow (not shown). This image was identi
to Fig. 1A showing the equilibrium of ammonia on platinu

3.3.3. Reaction with NO
The role of NO as an reaction intermediate is further

vestigated in an experiment, in which a [13N]NH3 pulse was
adsorbed on the preoxidized platinum sponge kept u
He flow at 323 K, followed by a removal of the adsorb
species with nitric oxide (Fig. 8). Figs. 8B, and 8C sh
that upon addition of an NO flow about 50% of the13N
species are instantaneously removed from the platinum
face. This partial conversion has two possible explanati
First, due to inaccessibility or a high surface coverage,
does not react with all of the adsorbed13N species. This ex
planation is in contrast with the experiments with hydrog
and ammonia, where all13N species were removed. Thu
Fig. 7. A [13N]NH3 pulse was adsorbed on the preoxidized platinum spo
kept under He flow (48 cm3/min) followed after 350 s by a remova
of N species with ammonia: (A) MS spectrum, shown from the mom
of NH3 addition; (B) PEP image, the color intensity represents the c
centration of13NH3; (C) normalized concentration as function of tim
(T = 348 K, 1.0 vol% NH3/He flow of 48 cm3/min).

the effect of the high surface coverage most probably ca
excluded even though NO preferably adsorbs on the s
sites as oxygen (hollow sites), while ammonia adsorbs
the atop sites. The second explanation is that NO select
reacts with one of the adsorbed13N species. Only N2O is
formed as a result of the NO flush (Fig. 8A). High ox
gen surface coverage, together with high partial pressu
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Fig. 8. A [13N]NH3 pulse was adsorbed on the preoxidized platinum spo
kept under He flow (48 cm3/min) followed after 750 s by a removal o
N species with nitric oxide: (A) MS spectrum, shown from the mom
of NO addition; (B) PEP image, the color intensity represents the
centration of13NH3; (C) normalized concentration as function of tim
(T = 323 K, 0.5 vol% NO/He flow of 48 cm3/min).

NO, favors the formation of N2O above N2. Temperature
programmed experiments and ammonia and hydrogen
experiments suggested that the adsorbed13N species are
13NHx . It is plausible that NO selectively reacts with o
of these species:

(13)NHx(a) + NO(a) → N2O(a) + xH(a),

(14)H(a) + O(a) → OH(a).

The abstraction of one hydrogen from NH(a) by NO giving
N2O(a) is more probable, because NH2 would lead to H2,
which is not detected with MS.
Fig. 9. A [13N]NH3 pulse was injected on the preoxidized platinum spo
kept under NO/He flow at 323 K. After 400 s temperature was increa
with 15 K/min (A) MS spectrum; (B) PEP image, the color intensity rep
sents the concentration of13NH3 (0.5 vol% NO/He flow of 48 cm3/min).

Injecting an additional pulse of [13N]NH3 in the NO flow,
under the same reaction conditions, 40 min after the
pulse (Fig. 9) showed that on the platinum surface cov
with O(a) and NO(a) the adsorption of ammonia is not prohi
ited. [13N]NH3 directly reacts at the beginning of the catal
bed, but in contrast to the first pulse (Fig. 8), now 80% of
injected13N is retained at the surface. The second differe
is the formation of N2 in addition to N2O. This [13N]NH3

pulse also leads to water formation and thus to reduc
of platinum. Since the oxygen surface coverage is lowe
dinitrogen formation becomes more favorable, which w
also observed in the hydrogen and ammonia reaction
periments. By increasing the temperature the remaining13N
species desorb from the surface as N2 and N2O (Fig. 9A).
The desorption of nitrogen and nitrous oxide is again acc
panied by water formation/desorption, indicating that ma
the NHx species are present at the surface. Both desor
peaks cease, which actually means that NO at this temp
ture does not decompose at the surface, which is confir
in another experiment, in which temperatures up to 62
were needed to observe production of nitrogen and oxy
from NO. The13N species are already removed from
surface at 573 K and thus13NO does not remain at the su
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face. These NO flush experiments suggest that13NO was not
formed in large amounts at the surface and that the [13N]NH3
pulse in the14NO flow at the preoxidized platinum surfac
leads to13NHx . Thus the formation of N2O and N2 is due to
the reaction of NHx(a) with 14NO(a), O(a), and OH(a).

3.4. General discussion

Our PEP results clearly demonstrate that ammonia r
ily dissociates in the presence of coadsorbed oxygen
low temperatures ammonia does not dissociate on the
platinum sponge and the adsorption of ammonia is we
Obviously, the presence of atomic oxygen decreases
activation barrier for the ammonia dissociation. Mec
nistically, we envisage that oxygen atoms readily abst
hydrogen from coadsorbed ammonia. Our results also
gest that oxygen and ammonia occupy different adsorp
sites. Schematically,

adsorption of NH3 on Ptreduced→ weak molecular ads.;
adsorption of NH3 on Pt–O→ strong dissociative ads.

The radiolabeled PEP experiments have shown tha
preadsorbed oxygen favors the dissociation of ammo
which leads to production of N2, N2O, and NO. The prod
uct selectivity strongly depends on the temperature. It
been shown that below 423 K mainly nitrogen and
trous oxide were formed and above this temperature
NO. The PEP experiments indicate that all ammonia
acts at the beginning of the catalyst bed and that [13N]NH3
is partly converted into gaseous products and partly
mains adsorbed at the surface in some dissociated f
Temperature-programmed experiments indicate that th
maining adsorbed species at the surface are mainlyx
species because the formation of nitrogen and nitrous
ide is accompanied by the production of a large amoun
water. The NO reaction experiment provides further indi
tions that NHx species remain at the surface. Thus, up
adsorption of ammonia hydrogen atoms are stripped of
adsorbed oxygen species. These exothermic reactions,
secutively lead to the formation of atomic nitrogen and O
groups. Fahmi and van Santen [4] showed that NH b
scissioning is energetically more costly than that of N2
and that the recombination of atomic nitrogen is not
rate-determining step. Our experiments are performe
relatively low temperature. The relatively high-surface c
erages also contribute to the blocking of certain surf
reaction pathways on the surface.

As already noted a part of [13N]NH3 reacts toward N2,
N2O, and NO. A simplified model of the reaction mech
nism includes formation of atomic nitrogen, which leads
nitrogen and nitrous oxide (below 423 K). OH groups fo
water and also promote the formation of NO(a) via the reac-
tion with NHx . At high oxygen surface coverage and bel
350 K the formation of nitrogen from NO dissociation is n
favorable [2]. Therefore, it is concluded that atomic nit
gen is formed from the abstraction of hydrogen from
.

-

NHx species. The formed NO also cannot desorb at th
low temperatures and therefore under these conditions2O
is selectively formed. A known route for the formation
N2O is the reaction between N(a) with NO(a). The reaction
experiment with NO also indicated another possibility,
which NO selectively reacts with NH(a) to form N2O, even
at 323 K. The formation of nitrogen becomes more favora
at lower oxygen surface coverage, which is shown in the
drogen and ammonia reaction experiments. Above 440 K
TPD and TPO experiments nicely indicate that NO deso
from a preoxidized platinum surface. Since at higher te
peratures NO desorption is possible, the selectivity tow
N2O decreases in favor of the NO production, as show
Fig. 3B. An interesting feature of the NO desorption fro
platinum is the readsorption, which was distinctively o
served in the PEP images.

4. Conclusions

The experiments have shown that dissociation of am
nia on platinum is not favorable and that the interact
of ammonia with platinum is weak at 323 K. This stud
performed under atmospheric pressure conditions, confi
UHV and theoretical studies proving that ammonia disso
ation on platinum is activated by the presence of oxyge
the surface. The experiments elegantly show that a plati
surface precovered with oxygen initiates the ammonia di
ciation leading to the gaseous nitrogen-containing produ
Ammonia dissociation on a preoxidized platinum surfa
was further investigated as a function of temperature
temperatures below 423 K the pulse experiments resu
in the formation of mainly nitrogen and a small amount
N2O. Above 423 K the product selectivity is changed a
also NO is formed. It was observed with PEP that amm
nia reacts at the beginning of the catalyst bed and that a
of [13N]NH3 remained at the surface as13N species. The
TPD and TPO experiments together with the reaction w
hydrogen, ammonia, and nitric oxide experiments indica
that mainly NHx species are present at the surface. Howe
NO is an important reaction intermediate. In an oxygen-
environment the NO formation leads to N2O and with tem-
peratures above 423 K gaseous NO is detected. The NO
experiments indicated that NO selectively reacts with
NH species to form N2O. Nitrogen is preferably formed a
the lower oxygen surface coverage.
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